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There is considerable evidence that differentiating cells are the most
sensitive of all cells of the living organism. When embryos are x-irradiated
at sublethal levels and subsequently studied histologically it is found that
the regions showing the greatest radiation damage, as indicated by pycnotic
nuclei, do not necessarily correspond with embryonic areas known to have
a high mitotic index at the time of irradiation but rather with sites of active
differentiation. The fact that the central nervous system has a protracted
period of differentiation has been given as one of the reasons why it exhibits
the most frequent and extensive damage following x-irradiation of embryos.'
Previous studies on embryonic and larval amphibians have indicated that
cardiac muscle is relatively radioresistant. 9' However, these earlier studies
did not deal with the effects of x-irradiation at specific stages of cardiac
development. Therefore, the present study was undertaken to determine
the effects of x-irradiating embryos at successive stages of cardiac differen-
tiation.
MATERIALS AND METHODS
Embryos of Amblystoma punctatum were x-irradiated at Harrison's stages 26, 30,
and 34 (Fig. 1). At stage 26, the primordial endocardial cells are separating from
splanchnic mesoderm and are migrating toward the midventral region of the embryo,
just caudal to the mandibular arch. By stage 30, the endocardial cells are grouped
together, the bilateral layers of mesoderm have met in the midline, the splanchnic
mesoderm of the cardiac region has thickened, and the future pericardial cavity is
represented bilaterally as clefts between splanchnic and somatic mesoderm. By stage
34, the endocardial (endothelial) cells have become rearranged in a more definitive
form giving a vascular lumen, and the primordial myocardium has extended completely
around the endocardium in the cephalic regions of the heart. By this stage, the heart
has attained its tubular form in the regions of the primordial conus, ventricle and
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atrium. The primordium of the sinus venosus is still bilateral and extends around the
cephalic border of the liver primordium (Fig. 1). The first cardiac contractions begin
at stage 34, when the myocardium is relatively undifferentiated. The presence of
cross-striations in embryonic cardiac muscle at the time of beat initiation is
questionable.'"
The embryos were exposed to single x-ray doses totalling 100r, 250r, 500r, 750r,
1000r, 1500r, 5000r, and 10,000r. The embryos were irradiated in circular celluloid
dishes measuring 70 x 22 mm and containing approximately 20 cm' of spring water.
The dishes were placed between two x-ray tubes providing vertical beams of radiation
which traversed the water in opposite directions. Each x-ray tube was operated at
184 kvp and 30 ma., with 0.28 Cu and 0.50 Al filtration. The center of the dish was at
a distance of 30.2 cm from the target of either tube for doses of lOOr to 1000r,
and at a distance of 21.5 cm for total doses ranging from 15OOr to 10,000r. The
dosage rate measured in air, at a point corresponding to the center of the water
layer in the dish, was 250 r/min at the 30.2 cm distance and 500 r/min at 21.5 cm.
It is unlikely that the differences in rate of exposure had any bearing on the results in
these experiments since previous studies have shown that the significant factor in single
dose exposures is the total radiation.
Following x-irradiation, the embryos were reared individually in Syracuse dishes
containing approximately 20 cc of Great Bear Spring Water. The dishes were kept
on stone top tables provided with running tap water and the temperature of the
spring water within the dishes ranged from 12 to 130 C. The dishes of control and
experimental animals were kept side by side and under the same conditions.
The embryos were studied at regular intervals under a binocular dissecting micro-
scope and data were recorded on the rate of differentiation, on the number and type of
malformations, and on the presence of cardiac contractions and circulation. Repre-
sentative cases were fixed at various postirradiation periods in Bouin's fluid, sectioned
at 10 I and stained in hematoxylin and eosin. Other fixatives have been used for
cytological studies which are in progress.
OBSERVATIONS
1. Effects on rate of differentiation and on survival. Harrison's stages of
normal development of Amblystoma punctatum have been adopted by prac-
tically all embryologists as a method of recording steps of differentiation in
Amblystoma from the fertilized ovum (stage 1) to a swimming larva which
has resorbed most of its yolk and begun to feed (stage 46).
Some of the stages pertinent to heart development are shown in Figure 1.
Other stages of particular importance in the present study include stage 36
when circulation is initiated, stage 39 when the sinus venosus becomes
established as the cardiac pacemaker, and stages 42 to 45 when the heart
attains a formapproximating that seen in theadult salamander.
It should be noted that various stages of differentiation proceed at unequal
rates. For example, development from stage 20 to 35 will occur in a 4-day
period in normal embryos reared at a temperature of 12 to 130C, whereas
development from stage 40 to 46 covers a span of about 16 days at the same
422
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FIG. 1. Cardiac differentiation in embryos of Amblystoma punctatum at Harrison's
developmental stages selected for x-irradiation. Vertical lines beneath the stage 26
and stage 30 embryos indicate the plane of the cross sections shown at the right. The
embryos are at x12; the sections of stages 26 and 30 are at x38; the stage 34 heart
exposed by opening the pericardial cavity is at x30, and its cross section is at x150.
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FIG. 2. Graphs showing the amount of development (expressed by Harrison's stages)
at 4-day intervals after x-irradiation. Arrows at end of control lines indicate continued
normal development; vertical lines at ends of two curves for irradiated series show
that the animals failed to feed and ceased development; crosses at end of curves for
other irradiated series indicate death of all animals in the series. Each curve represents
data for 15 embryos.
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temperature (Fig. 2). Furthermore, it must be emphasized that the develop-
mental rate varies with temperature and that comparisons of normal and
experimental embryos, and of different sets of experiments, cannot be made
on a time basis as shown in Figure 2 unless all embryos are reared at the
same temperature.
As shown in Figure 2, the x-irradiated animals developed at approxi-
mately the same rate as the controls for 4 days, thereafter began to show
more retardation by 8 days, and frequently ceased differentiation by 12 days.
TABLE 1. EFFECTS OF EXPOSUTRE TO A SINGLE DOSE
OF 500R X-IRRADIATION
Stage at time Time in days after radiation
of radiation 4 8 12 16 20 24
Percentage of embryos surviving
26 100 80 60 0
30 100 100 100 100 86.6 0
34 100 100 100 100 90 0
Percentage with eye and CNS abnormalities
26 0 100
30 0 100
34 0 100
Percentage with cardiovascular defects
26 0 20 100
30 0 0 80 100
34 0 0 100
In general, the amount of developmental retardation was proportional to the
total amount of x-irradiation and inversely proportional to the degree of
differentiation at the time of irradiation, i.e., radiation at stage 34 had less
effect than at stage 26. For example, embryos given a single dose of 250r
at stage 26 stopped development at stage 36, whereas embryos given 250r
at stage 34 continued to develop to stage 46 but since they failed to eat they
never developed beyond stage46.
The graphs of Figure 2 show the time when no survivors remained in a
series. However, since each curve represents data for 15 embryos and since
individuals died at various intervals after x-irradiation, further details are
necessary to accurately portray survival time. Table 1 presents data on
percentage of survivals at 4-day intervals following a single dose of 500r.
At 12 days, for example, the number of survivals after irradiation at stage
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26 was only 60 per cent (or 9 embryos out of 15), whereas the survivals for
embryos irradiated at stages 30and 34 were 100 per cent.
2. Abnormalities of central nervous system and eyes. As shown in
Table 1, none of the animals exposed to a single dose of 500r at the selected
stages showed any head and eye abnormalities which could be observed in
the intact animals under the dissecting microscope at 4 days after irradia-
tion although 100 per cent exhibited such abnormalities by 8 days. On the
other hand, embryos exposed to 5,000r frequently showed retarded develop-
mentof the head and eyes bytwo days after radiation.
The most common abnormalities observed in the early postirradiation
periods were microcephaly and small eyes. Eventually, there was extensive
necrosis of most of the brain and spinal cord in all embryos exposed to 500r
or more at stage 34, and in all animals exposed to 250r or more at stage 26.
Photomicrographs of sections of typical cases are shown in Figures 5, 9,
and 11.
3. Abnormalities of cardiovascular system. Considerable data on the
circulatory system can be obtained by observing blood flow in the vessels of
the gills, liver, and yolk, and the heart itself can be studied through the
translucent ventral body wall. In this way one can determine whether pulsa-
tions begin at stage 34, whether circulation begins at stage 36, and whether
the contraction rate is normal. Since radiation retards growth and differen-
tiation in general, one must compare the experimental animals with normals
of a similar Harrison developmental stage as well as with the simultaneous
nonirradiated controls of the same age.
The cardiovascular effects of exposing embryos at the selected stages to a
single dose of 500r are shown in Table 1. When the embryos were irradi-
ated at stage 26, circulatory disturbances were noted in 20 per cent of the
animals by 8 days and in 100 per cent by 12 days. The abnormalities
appeared somewhat more slowly in embryos exposed at stages 30 and 34.
The most commonly observed effects included stasis in vessels of the yolk,
deficient gill circulation, and failure of the heart to empty completely at
systole. It was striking that the rate of contraction was often approximately
normal for a considerable period after the heart showed marked reduction
in amplitudeof contraction.
Reference to Figure 2 shows that embryos given 100r at stage 26 develop
to stage 46 at a rate only slightly below normal and heart development
appears normal. Exposure to 250r at stage 26 produces a more marked
retardation in development, but all cases of this series developed circulation
which appeared normal for a period of time and then became deficient later.
Exposure to 5OOr at stage 26 permitted general body development to stage
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FIGs. 3-8.
Photomicrographs of sections of conitrol and irradiated embryos.
FIG. 3. Section of a normal animal at stage 37 showing the CNS dorsally and the
heart ventrally, at x32.
FIG. 4. Shows the stage 37 heart at higher magnification, x80.
FIG. 5 is from an embryo fixed 9 days after 1O,OOOr at stages 29-30. Note small
heart, enlarged pericardial cavity, and necrosis of CNS, x32.
FIG. 6 shows the heart from Fig. 5 at higher magnification, x80.
FIG. 7 is from a normal animal of stage 41, x32.
FIG. 8 shows the heart from Fig. 7 at higher magnification, x80.
The irradiated animal used for Figs. 5 and 6 approximated a stage 37 (Figs. 3 and
4) as regards balancers and body development, but its gills were only differentiated to
stage 36, and the heart was an abnormal stages 34-35. The nonirradaited controls of
the same age were at stage 40, only slightly less differentiated than the normal shown
in Fig. 7.FIGS. 9-12.
Photomicrograplhs of embryos x-irradiated at stage 29-30 with intermediate doses.
FIG. 9 is from an embryo fixed 16 days after exposure to 500r. The embryo was at
stage 38-39 at time of fixationi. Note retarded CNS, enlarge(d ineural canal and scarcity
of corpuscles in heart, X32.
FIG. 10 shows the heart from Fig. 9 at a higher magniificationi, x80.
FIG. 11 is from anl embryo fixed 16 days after exposure to lOOOr. The embryo had
reached stage 38 when it was fixed. Note necrosis of CNS andl complete lack of blood
corpuscles in heart, x32.
FIG. 12 shows the heart froIm Fig. 11 at a higher mnagnificatioll, x80.
The nonlirradiatedl controls of the same age were at stage 42, or sliglhtly beyoncd
the nortmial shown in Fig. 7.Effects of X-rays on heart development I COPENHAVER, VAN DYKE, RUGH
36, the circulation stage, but circulation never developed in more than 80
per cent of the series shown in Table 1. In a more recent study, including
more cases, it has been found that circulation never develops in more than
about 60 per cent after exposure to 5OOr at stage 26. On the other hand,
embryos given 500r at stages 29 and 34 regularly develop circulation of
apparently normal type for a considerable period before exhibiting cardio-
vascular abnormalities.
Exposure to 10,000r at stages 29-30 regularly stops development at stage
35 plus, before circulation normally begins. Examination of sections shows
that the heart is markedly retarded and is even smaller than in normal ani-
mals of comparable developmental stage as regards differentiation of gills
and general body characteristics. Several degrees of cardiac abnormalities
are illustrated in Figures 6, 10, and 12.
4. Other Abnormalities. Abnormal curvature of the spine was a com-
mon postirradiation effect. Many of the embryos exposed at stages 26-27
developed kyphosis by stages 35-36. Kyphosis was less frequent after
irradiation at stages 30 and 34. On the contrary, many of the embryos
exposed at the latter stages developed with an abnormal backward curva-
ture of the tail and with some lordosis ofthe body.
The irradiated embryos frequently appeared more pale than their controls.
A sparseness of pigment was noted particularly on the head and eyes.
Localized swellings occurred frequently, particularly over the region of
the heart and liver. Figure 6 shows an example of an enlarged or swollen
pericardial cavity and a small, retarded heart in a section of an embryo
fixed at stage 36, and at 9 days after a single exposure of 10,000r at stage 30.
A question arises whether the enlargement in this case is a type of edema
which is related to retarded cardiac development and lack of blood circula-
tion. However, the condition in the case illustrated has occurred at a stage
when circulation in controls has just begun. Furthermore, there have been
numerous cases when large swellings have appeared even before the time
when circulation normally begins. It seems clear that the relatively large
localized swellings differ from the generalized type of edema which appears
over most of the body of animals which survive in the face of a circulatory
abnormality for long periods beyond the time when circulation is normally
initiated.
DISCUSSION
It has been noted that the experimental and control animals were reared
at the same temperature. This is important because: (i) the rate of develop-
ment of amphibian embryos varies with temperature and (ii) the speed at
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which postirradiation effects appear varies with temperature. Allen,
Schjeide, and Hochwald' showed that the temperature of tadpoles during
x-irradiation makes little difference in the ensuing processes, but that low
temperature subsequent to irradiation delays the time when the destructive
processes appear. In the present study, it has been shown that embryos
exposed to 500r at stage 30 and reared subsequently at a temperature of 12
to 13°C develop to Harrison's stage 39 by 12 days and then come to an
approximate halt in differentiation even though some embryos survive for
24 days. There is no doubt that most of the destructive processes would
have appeared sooner and the survival period would have been shorter if
the embryos had been reared at a higher temperature. However, we need
more studies to determine whether the plateau in differentiation appears at
the same stage at different temperatures. For example, we do not know
whether the plateau in differentiation for embryos irradiated at stages 29-30
will occur consistently at stage 39 after 500r, at stage 38 after 1,000r, and
at stage 37 after 5,000r regardless of postirradiation temperature.
The question of localized swellings on irradiated embryos has been dis-
cussed with the observations. It has been noted that the swollen regions
ventral to the heart and liver differ from generalized edema observed in
accompaniment with circulatory disturbances following other types of ex-
periments on amphibian embryos. There is a good possibility that part of
the effect is due to damage to the pronephros and to lack of excretion, as
suggested in other studies.9 However, it is doubtful whether this completely
explains the enormous amount of swelling which sometimes occurs rela-
tively early.
The present studies are in keeping with previous studies in showing that
x-irradiation of embryos damages the developing central nervous system
early and consistently. On the other hand, damage to the heart and cir-
culation was found more consistently than in previous studies of x-irradi-
ated amphibian embryos.9 It is felt that this is correlated with the fact that
the embryos were exposed at critical stages of heart differentiation and they
were examined with particular reference to cardiovascular damage.
In comparing our results on amphibian embryos with those described by
Liljestrand and Edwards' for offspring of x-irradiated pregnant rats, one
must consider differences in the stages studied as well as species differences.
They did not find cardiac malformations in offspring which had reached 10
days of age but, as they themselves point out, this does not exclude the possi-
bility that cardiac malformations were present in fetuses which died before
birth. In the present study on amphibian embryos, the cardiovascular de-
fects were found concurrently with other lesions and none of the embryos
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survived to a stage of differentiation which correspond with that of a new-
born rat.
A question arises as to how much of the circulatory damage results from
radiation of cardiac tissue and how much is dependent on damage to other
parts of the embryo. Some of the experiments show retardation in heart
development and weak cardiac contractions at a time when the embryo
exhibits a fairly good functional development of the nervous system as
indicated by its response to tactile stimulation. Many cases never develop
any blood circulation even though the gills and a number of other organ
systems differentiate to a degree characteristic of embryos at the time when
circulation normally begins. On the other hand, the results show that some
of the radiation dosages at the selected stages are followed by the develop-
ment of a normal blood circulation for several days and then circulation
gradually fails concurrently with an increase in other malformations. Ex-
periments on the eye' and on the ear, medulla, and forelimbs' show that
organ primordia transplanted from irradiated to normal animals generally
attain a higher degree of differentiation than under the conditions of total-
body irradiation. This suggests that heart primordia transplanted from
irradiated animals to normals might have their developmental and func-
tional period prolonged. It is conceivable that an irradiated heart which is
destined to die under the conditions of total-body irradiation might survive
and function indefinitely after transplantation to a normal animal. Experi-
ments of this type are in progress in order to gain more information on how
much of the cardiac damage is due directly to radiation of the cardiac
primordium.
SUMMARY
1. Embryos of Amblystoma punctatum were x-irradiated at Harrison's
stages 26, 30, and 34. These are critical stages of heart differentiation rang-
ing from the time when the primordial endocardial cells separate from
splanchnic mesoderm to the time when the heart attains a tubular form and
begins to contract.
2. The x-ray exposures ranged from 100 to 10,000r. Following x-ir-
radiation, the embryos were reared at a temperature of 12 to 130C. Non-
irradiated controls were kept at the same temperature.
3. In general, the amount of developmental retardation was proportional
to the total amount of x-irradiation and inversely proportional to the degree
of differentiation at the time of exposure.
4. In all of the series studied, there was a latent period between exposure
tox-irradiation and the appearance of developmental defects.
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5. The embryonic central nervous system and eyes were particularly
radiosensitive. Microcephaly developed in a high percentage of embryos
exposed at the early experimental stages (26 and 30).
6. Cardiovascular anomalies developed in all embryos exposed to 250r
or above at stage 26, and in all embryos exposed to 500r or above at stages
30 and 34. With high doses, differentiation was so retarded that the embryos
never developed circulation. With intermediate doses, circulation developed
for a period, only to fail subsequently. The pulsation rate remained approxi-
mately normal for a considerable period after the magnitude of contraction
had decreased. Stasis in vessels of the liver and yolk was common.
7. Since the heart anomalies occurred together with other malforma-
tions, further studies are in progress to determine how much abnormal
cardiac structure and function results directly from radiation of the em-
bryonic heart and how much is dependent on total-body x-irradiation.
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